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ABSTRACT
We investigate the relation between the two modes of outflow (wind and jet) in radio-loud active galactic nuclei (AGN). For this
study we have carried out a systematic and homogeneous analysis of XMM-Newton spectra of a sample of 16 suitable radio-loud
Seyfert-1 AGN. The ionised winds in these AGN are parameterised through high-resolution X-ray spectroscopy and photoionisation
modelling. We discover a significant inverse correlation between the column density NH of the ionised wind and the radio-loudness
parameter R of the jet. We explore different possible explanations for this NH-R relation and find that ionisation, inclination, and
luminosity effects are unlikely to be responsible for the observed relation. We argue that the NH-R relation is rather a manifestation
of the magnetic driving mechanism of the wind from the accretion disk. Change in the magnetic field configuration from toroidal to
poloidal, powering either the wind or the jet mode of the outflow, is the most feasible explanation for the observed decline in the wind
NH as the radio jet becomes stronger. Our findings provide evidence for a wind-jet bimodality in radio-loud AGN and shine new light
on the link between these two modes of outflow. This has far-reaching consequences for the accretion disk structure and the wind
ejection mechanism.
Key words. X-rays: galaxies – galaxies: active – quasars: supermassive black holes – radio continuum: galaxies – accretion disks –
techniques: spectroscopic
1. Introduction
The growth of supermassive black holes (SMBHs) via accretion
is linked to the growth of their host galaxy via star formation.
This is observed as a correlation between the SMBH mass and
the stellar mass of the galactic bulge (the so-called M-σ rela-
tion, e.g. Ferrarese & Merritt 2000). This suggests that SMBHs
and their host galaxies are co-evolved. However, the mechanism
required for this co-evolution is rather uncertain. In AGN, accre-
tion onto the SMBH liberates enough power to affect the host
galaxy, but how this is transported from the very small scales
close to the SMBH to the much larger scales of the host galaxy
is poorly understood.
Apart from the radiation, accretion is ubiquitously accom-
panied by outflows (jets and/or winds), which transport matter
and energy away from the nucleus into the galaxy (see e.g. the
recent reviews by King & Pounds 2015; Morganti 2017). These
outflows can provide an efficient coupling between SMBHs and
their host galaxies. They can impact star formation, chemical en-
richment of the surrounding intergalactic medium, and the cool-
ing flows at the core of galaxy clusters (e.g. Fabian 2012). AGN
outflows can therefore play an important role in the co-evolution
of SMBHs and their host galaxies through a feedback mecha-
nism. However, there are significant gaps in our understanding
of the outflow phenomenon in AGN, which cause uncertainties
in determining their role and impact in galaxy evolution.
Observations show that about 15–20% of AGN are radio-
loud (Kellermann et al. 1989; Urry & Padovani 1995), where the
ratio of radio to optical emission is orders of magnitude higher
than in typical radio-quiet AGN. In radio-loud AGN accretion
onto the SMBH involves energy release in the form of radio syn-
chrotron radiation from collimated jets of relativistic particles
from the central engine. The mechanism for the production of
the jet has been thought to be electromagnetic extraction of ro-
tational energy from a spinning black hole via magnetic field
lines that are supported by the accretion disk (Blandford & Zna-
jek 1977; Blandford & Payne 1982). However, the connection
between the accretion disk and the jet, and the formation of the
observed dichotomy of radio-quiet and radio-loud AGN, are still
open questions. Apart from the collimated jets, another impor-
tant mode/component of AGN outflows is the winds of ionised
gas. Importantly, the relationship of the ionised winds to the jet
and the disk is not known, which we investigate in this paper.
While jets are generally understood to be magnetically pow-
ered, the origin and launching mechanism of the ionised winds
in AGN are more uncertain. The winds may originate from ei-
ther the accretion disk or the torus of the AGN, with different
possible mechanisms postulated for their ejection. They could
be either thermally-driven (e.g. Begelman et al. 1983; Krolik &
Kriss 2001), or radiatively-driven (e.g. Proga & Kallman 2004;
Higginbottom et al. 2014), or magnetically-driven (e.g. Königl
& Kartje 1994; Fukumura et al. 2010) winds. However, it is still
debatable what physical conditions and factors govern the launch
of outflows, and what is the dependence on the accretion flows,
radiative power, and the mass and the spin of SMBHs.
The X-ray energy band is where the ionised winds mainly
reveal their diagnostic-rich spectral features. The nearby X-ray
bright radio-quiet AGN have served as excellent laboratories to
study these winds (e.g. Kaastra et al. 2000, 2012; Blustin et al.
2005; Laha et al. 2014; Behar et al. 2017; Mehdipour & Costan-
tini 2018). However, there are also detections of ionised winds in
radio-loud AGN (e.g. Reynolds 1997; Ballantyne 2005; Reeves
et al. 2009; Torresi et al. 2012; Tombesi et al. 2014; Di Gesu &
Costantini 2016).
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In an X-ray study of a sample of Type-1 AGN using
Advanced Satellite for Cosmology and Astrophysics (ASCA,
Tanaka et al. 1994), Reynolds (1997) suggested that the four
radio-loud AGN in their sample had relatively weaker absorp-
tion compared to the radio-quiet AGN. However, the number
of radio-loud AGN, and the spectral resolution of ASCA, were
too limited for a conclusive interpretation. More recently, in a
search for ultra-fast outflows at hard X-rays using XMM-Newton
(Jansen et al. 2001) and Suzaku (Mitsuda et al. 2007), Tombesi
et al. (2014) find evidence of Fe K absorption with relativistic
speeds in some radio-loud AGN. They report that the ultra-fast
outflows are detected at a wide range of jet inclination angles
(∼ 10◦ to 70◦), suggesting that the winds have a large opening
angle and are not preferentially equatorial.
In this paper we investigate the link between the parame-
ters of the wind and the jet in a sample of Type-1 AGN that
are X-ray bright and radio loud. We systematically model all
the X-ray absorption by the ionised winds in these objects us-
ing XMM-Newton (RGS and EPIC spectroscopy), and derive the
wind parameters from our homogeneous photoionisation mod-
elling. This is the first time changes in the ionised AGN wind as
a function of the jet radio power are investigated. Our character-
isation of the wind in radio-loud AGN provides new information
for testing theoretical models of the wind-jet-disk connection in
AGN.
The structure of the paper is as follows. In Sect. 2 we de-
scribe the selection criteria of our AGN sample, how the proper-
ties of our AGN sample were collated, as well as the reduction
and processing of the XMM-Newton data. The fitting of the X-
ray spectra and photoionisation modelling of the AGN wind are
reported in Sect. 3. The wind-jet correlation analysis from the
results of our modelling are reported in Sect. 4. We discuss and
interpret our findings in Sect. 5, and give concluding remarks in
Sect. 6.
The spectral analysis and modelling presented in this paper
were done using the SPEX package (Kaastra et al. 1996; Kaas-
tra et al. 2017) v3.04.00 and its pion photoionisation model
(Mehdipour et al. 2016). We use C-statistics for spectral fitting
with the X-ray spectra optimally binned according to Kaastra &
Bleeker (2016). Errors on the derived parameters are reported
at the 1σ confidence level. We assume proto-solar abundances
of Lodders et al. (2009) throughout our modelling in this pa-
per. In our computations we adopt the cosmological parameters
H0 = 70 km s−1 Mpc−1, ΩΛ = 0.70, and Ωm = 0.30.
2. Observational data
2.1. Sample selection
We started with the Quasars and Active Galactic Nuclei Cata-
logue (13th Ed.) of Véron-Cetty & Véron (2010) for selecting
our AGN and cross matching with XMM-Newton observations.
This catalogue provides a collection of useful information on a
large number of known AGN (about 169 thousands), such as the
spectral classification (e.g. Seyfert 1, BL Lac, etc.), the 6 cm
(5 GHz) radio flux density F6 cm, as well as the optical magni-
tude. From these we calculated the radio-loudness parameter R
(Kellermann et al. 1989), which is defined as the ratio of radio to
optical flux density: R = F6 cm/Fopt. For the calculation of Fopt in
units of erg cm−2 s−1 Hz−1 from the B magnitude (at 4400 Å) we
used the relation B = −2.5 logFopt − 48.36 (Schmidt & Green
1983) in Kellermann et al. (1989). The radio-loud AGN are for-
mally classed as those with R > 10 (Kellermann et al. 1989).
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Fig. 1. Distribution of the X-ray flux of the radio-loud Type-1 AGN
(Seyferts and quasars) obtained from cross-matching the Véron-Cetty
& Véron (2010) and the XMM-Newton Serendipitous Source Catalogue.
The green parts of the histogram correspond to the 16 AGN that meet
the selection criteria for having sufficient S/N in the soft X-ray band
for high-resolution spectroscopy of the wind with XMM-Newton RGS.
Details of the selection criteria are given in Sect. 2.1. Properties of the
16 selected AGN are listed in Table 1.
We cross matched the AGN in Véron-Cetty & Véron (2010)
catalogue with the XMM-Newton Serendipitous Source Cata-
logue 3XMM-DR6 (XMM-SSC, 2016), in order to identify the
associated X-ray emission of the AGN in the Véron-Cetty &
Véron (2010) catalogue, and acquire their X-ray fluxes. For the
cross matching of the two catalogues we used the CDS X-Match
Service (Pineau et al. 2011) provided by the Centre de Données
astronomiques de Strasbourg (CDS). The cross matching of the
two catalogues resulted in about 8800 matched X-ray sources.
Following this, we proceeded to filter out those objects classed
by Véron-Cetty & Véron (2010) as BL-Lacs, highly polarised
objects, LINERs, and Type-2 AGN. This left us with about 2400
Type-1 AGN remaining, which consist of Seyfert-1 galaxies and
quasars. We then proceeded to select only the radio-loud AGN.
Thus, for the objects with available F6 cm and B data, those with
R > 10 were selected. This gave us 99 radio-loud Type-1 AGN.
The distribution of the X-ray flux of these AGN is shown in the
histogram of Fig. 1. In order to model the AGN wind and de-
rive its parameters, high-resolution X-ray spectroscopy of the
absorption features in the soft X-ray band is needed. Therefore,
RGS spectrum with sufficient signal-to-noise ratio (S/N) is re-
quired. We thus selected only those AGN with S/N of at least 3
in the RGS resolution element (about 70 mÅ) at the continuum
level. This means those AGN with extreme neutral absorption
(either Galactic or in the host galaxy), or intrinsically faint X-ray
continuum, or those with insufficient XMM-Newton exposure are
effectively filtered out. The 16 remaining AGN that are suitable
for the wind study are highlighted in green in the histogram of
Fig. 1. The properties of these selected radio-loud Type-1 AGN
are listed in Table 1.
2.2. Properties of the selected AGN
Following the selection of our AGN sample in Sect. 2.1, we com-
piled information on properties of these AGN from the literature.
These properties which are listed in Table 1, alongside the results
of our modelling of the AGN wind (Sect. 3), are required for our
investigation of the wind-jet-disk connection.We describe below
how the properties in Table 1 were obtained.
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Table 1. Properties of the 16 radio-loud AGN in our sample.
Object Class z B Fmid-IR F6 cm R i MBH Gal NH Fsoft Fhard LX Lbol λ
(1) (2)a (3)a (4)a (5) (6) (7)k (8) (9) (10)ah (11)k (12)k (13)k (14)k (15)k
1H 0323+342 S1n 0.063 15.72 n/a 0.30d 130 13l 0.36v 21.7 0.53 0.81 0.278 2.08 0.46
3C 59 S1.8 0.111 16.80 n/a 0.02d 22 n/a 7.94w 6.59 0.36 0.86 0.538 3.88 0.04
3C 120 S1.5 0.033 15.72 0.54b 0.36e 154 21m 0.69x 19.4 3.03 5.27 0.309 2.33 0.27
3C 273 S1.0 0.158 13.05 0.60b 38.4f 1407 20n 65.9y 1.77 5.34 7.93 9.16 97.4 0.12
3C 382 S1.0 0.058 16.50 0.09b 0.15d 128 40o 11.5z 8.96 2.03 3.44 0.544 4.07 0.03
3C 390.3 S1.5 0.056 16.06 0.22b 0.12e 70 33o 2.87aa 4.41 2.10 3.48 0.459 3.36 0.09
4C +31.63 S1.0 0.298 15.85 0.07b 1.40d 676 10p 20.0ab 12.0 0.28 0.45 3.28 29.0 0.11
4C +34.47 S1.0 0.206 15.58 0.05b 0.37d 139 35q 3.16ac 3.36 0.70 0.86 2.19 16.4 0.41
4C +74.26 S1.0 0.104 15.13 0.14b 0.32g 79 40r 41.7ad 23.1 0.85 2.46 1.41 10.4 0.02
ESO 075-G041 S1 0.028 14.78 0.12c 13.4h 2416 10s n/a 2.90 0.49 0.67 0.023 0.31 n/a
III Zw 2 S1.2 0.089 15.96 0.13b 0.43d 233 21q 0.72x 7.13 0.39 0.72 0.251 1.94 0.21
Mrk 6 S1.5 0.019 15.16 0.55b 0.10d 26 9t 1.80ae 9.80 0.17 1.51 0.026 0.23 0.01
Mrk 896 S1n 0.027 15.27 0.13c 0.04i 11 24u 0.12af 4.03 0.54 0.37 0.021 0.15 0.10
PKS 0405-12 S1.2 0.574 15.09 0.09b 1.99j 477 n/a 29.5ad 4.16 0.39 0.43 13.4 112 0.30
PKS 0921-213 S1 0.053 16.50 n/a 0.42h 369 n/a 0.79w 5.75 0.41 0.68 0.083 0.67 0.07
PKS 2135-14 S1.5 0.200 15.63 0.11b 1.33h 525 n/a 44.7ag 5.22 0.36 0.60 1.21 10.2 0.02
Notes. (1) Name of the AGN. (2) Spectral classification. (3) Cosmological redshift. (4) B magnitude. (5) Mid-IR (MIPS/24 µm or IRAS/25µm)
flux in Jy. (6) 6 cm (5 GHz) flux in Jy. (7) Radio-loudness parameter R. (8) Inclination angle of the radio jet axis relative to our line of sight in
degrees. (9) Mass of the SMBH in 108M⊙. (10) Milky Way neutral NH in our line of sight in 1020 cm−2. (11) Soft X-ray (0.3–2 keV) observed flux
in 10−11 erg cm−2 s−1 derived from our XMM-Newton spectral modelling. (12) Hard X-ray (2–10 keV) observed flux in 10−11 erg cm−2 s−1 derived
from our XMM-Newton spectral modelling. (13) Intrinsic X-ray luminosity over 0.3–10 keV in 1045 erg s−1 derived from our XMM-Newton spectral
modelling. (14) Intrinsic bolometric luminosity of the AGN in 1045 erg s−1. (15) The Eddington ratio λ = Lbol/LEdd. References: (a) Véron-Cetty
& Véron (2010). (b) Spitzer MIPS/24µm from IRSA. (c) IRAS/25µm from Moshir et al. (1990). (d) Laurent-Muehleisen et al. (1997). (e) Dodson
et al. (2008). (f) Gear et al. (1994). (g) Kuehr et al. (1981). (h) Wright & Otrupcek (1990). (i) Bicay et al. (1995). (j) Shimmins & Bolton (1972).
(k) Calculated in this paper. (l) Karamanavis (2015). (m) Jorstad et al. (2005). (n) Stawarz (2004). (o) Giovannini et al. (2001). (p) Hogan et al. (2011).
(q) Rokaki et al. (2003). (r) Ballantyne & Fabian (2005). (s) Worrall et al. (2012). (t) Kharb et al. (2006). (u) Page et al. (2003). (v) Foschini et al.
(2015). (w) Sikora et al. (2007). (x) Grier et al. (2017). (y) Paltani & Türler (2005). (z) Marchesini et al. (2004). (aa) Peterson et al. (2004). (ab) Veilleux
et al. (2009). (ac) Vasudevan & Fabian (2007). (ad) Woo & Urry (2002). (ae) Doroshenko et al. (2012). (af) Piotrovich et al. (2015). (ag) Mingo et al.
(2014). (ah) Willingale et al. (2013).
The classification, the cosmological redshift z, and the B
magnitude of all the AGN in our sample are taken from the
Véron-Cetty & Véron (2010) catalogue and references therein.
The radio and X-ray fluxes were initially taken from Véron-
Cetty & Véron (2010) and the XMM-Newton Serendipitous
Source Catalogue, respectively, for the purpose of selecting the
AGN (Sect. 2.1). However, these fluxmeasurementswere further
refined for our study in this paper, which are provided in Table 1
with their references. The soft (0.3–2 keV) and hard (2–10 keV)
observed X-ray fluxes, and the intrinsic X-ray luminosity in Ta-
ble 1, are derived from our spectral modelling presented in Sect.
3.
In order to assess the strength of emission from the AGN
dusty torus we obtained the mid-IR flux of the objects in our
sample. We used mid-IR flux measurements from Spitzer Multi-
band Imaging Photometer (MIPS) taken in the 24 µm pho-
tometric channel. The MIPS fluxes were retrieved from the
Spitzer Enhanced Imaging Products (SEIP) source list through
NASA/IPAC Infrared Science Archive (IRSA). For two of the
AGN in our sample (ESO 075-G041 and Mrk 896), which
Spitzer/MIPS observations were not available, we used mid-IR
flux measurements from Infrared Astronomical Satellite (IRAS)
taken in the 25 µm photometric channel. The IRAS fluxes were
obtained from the IRAS Faint Source catalogue v2.0 (Moshir
et al. 1990). The mid-IR flux (Fmid-IR) of the AGN in our sample
are provided in Table 1.
We also collected from the literature the inclination angle i of
the radio jet axis relative to our line of sight, and the mass of the
SMBH (MBH) in the AGN. For one of the objects in our sam-
ple (Mrk 896), where the jet inclination angle is not available,
we instead take the reported inclination angle of the accretion
disk. The i and MBH values of our AGN sample, and their ref-
erence papers, are provided in Table 1. The intrinsic bolometric
luminosity Lbol of the AGN was estimated using a spectral en-
ergy distribution (SED) model. As the objects in our sample are
radio-loud Seyfert-1 AGN, we use a radio-loud version of the
SED model derived from a multi-wavelength campaign study
of the archetypal Seyfert-1 AGN NGC 5548 (Mehdipour et al.
2015). We modified this radio-quiet SED, which spans from
near-IR to hard X-rays, by extending it to lower energies using
a power-law model for the synchrotron emission from the jet.
In our model this power-law continuum spans from near-IR (1
µm) to radio (100 MHz) energies with a fiducial photon index of
1.8. For radio-loudness parameter R ranging from 10 to 103, the
corresponding luminosity contribution by the power-law exten-
sion ranges from 1042 to 1044 erg s−1. This radio-loud broadband
SED model was used to estimate the bolometric luminosity Lbol
by matching the intrinsic X-ray luminosity LX and the radio flux
F6 cm of each AGN in our sample. Finally, from MBH and Lbol,
the Eddington ratio λ was calculated. The LX, Lbol, and the λ
values of the AGN in our sample are shown in Table 1.
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2.3. X-ray data reduction and processing
The XMM-Newton Observation Data Files (ODFs) of the AGN
in our sample were retrieved from the XMM-Newton Science
Archive (XSA) and processed using the Science Analysis Sys-
tem (SAS v17.0.0). The ID and the duration of the XMM-Newton
observations that we used in our study are provided in Table
2. For those AGN with multiple XMM-Newton observations we
have used one with sufficient S/N for line spectroscopy of the
wind with RGS. The data from the RGS instruments (den Herder
et al. 2001) were processed through the rgsproc pipeline task;
the source and background spectra were extracted and the re-
sponse matrices were generated. We filtered out time intervals
with background count rates > 0.1 count s−1 in CCD number 9.
The rgscombine task was used to stack the first-order RGS1
and RGS2 spectra of each XMM-Newton observation. The fitted
spectral range is 7–36 Å for RGS. The EPIC-pn (Strüder et al.
2001) and EPIC-MOS (Turner et al. 2001) data were processed
with the epproc and emproc pipeline tasks, respectively. Peri-
ods of high flaring background for EPIC-pn (> 0.40 count s−1)
and EPIC-MOS (> 0.35 count s−1) were filtered out by apply-
ing the #XMMEA_EP and #XMMEA_EM filters, respectively. The
EPIC spectra were extracted from a circular region centred on
the source with a radius of 40′′. The background was extracted
from a nearby source-free region of the same size. The pileup
was evaluated to be negligible for majority of the AGN in our
sample. However, the largest pileup for the brightest object (3C
273) was found to be about 8% in MOS and 4% in pn. Nonethe-
less, for our purpose of the line spectroscopy of the wind in the
soft band pileup is not an issue. The single and double events
were selected for the pn (PATTERN <= 4) and MOS (PATTERN
<= 12). Response matrices were generated for the EPIC spec-
tra of each observation using the rmfgen and arfgen tasks.
The epicspeccombine task was used for stacking the MOS1
and MOS2 spectra of each observation. Our fitted range for the
EPIC spectra is from 0.3 to 10 keV. In our spectral modelling
(Sect. 3) in SPEX, we simultaneously fit the RGS, EPIC-pn, and
EPIC-MOS spectra of each XMM-Newton observation. Our fit-
ting takes into account differences in their instrumental flux nor-
malisation, which ranges from about few % to 10%.
3. Spectral modelling of the X-ray data
3.1. X-ray continuum
The continuum model that we applied to fit the X-ray spectra
in SPEX consists of three components: a power-law component
(pow), a modified black body component (mbb), and a neutral re-
flection component (refl). The pow component models the pri-
mary broadband continuum, while the mbb component models
the commonly seen ‘soft X-ray excess’, which is an excess emis-
sion at ≤ 2 keV in the X-ray spectra of AGN (e.g. Mehdipour
et al. 2011). The mbb model in SPEX is a blackbody compo-
nent modified by coherent Compton scattering (Kaastra & Barr
1989). The refl model fits the Fe Kα line in the EPIC spectra,
which is part of the reflection spectrum produced by the repro-
cessing of the primary X-ray power-law by neutral gas in the
AGN. The refl model in SPEX computes the Fe Kα line ac-
cording to Zycki & Czerny (1994), and the Compton-reflected
continuum according to Magdziarz & Zdziarski (1995), as de-
scribed in Zycki et al. (1999). The normalisation and the photon
index Γ of the incident power-law for refl were set to those
of the observed power-law component (pow). The exponential
high-energy cut-off of pow and the incident power-law for refl
were fixed to a fiducial value of 200 keV. In our modelling we
fitted the reflection scale s parameter of the refl model. The
ionisation parameter of refl was set to zero to produce a neu-
tral reflection component, and its abundances were kept at their
default solar values. The best-fit parameters of the continuum
components (pow, mbb, and refl) for each AGN in our sample
are shown in Table 2.
3.2. X-ray absorption by the diffuse ISM
In our spectral modelling we take into account the continuum
and line absorption by the diffuse interstellar medium (ISM) in
the Milky Way and the host galaxy of the AGN. This is done us-
ing the hotmodel in SPEX (de Plaa et al. 2004; Steenbrugge et al.
2005). This model calculates the transmission of a plasma in col-
lisional ionisation equilibrium at a given temperature, which for
neutral ISM is set to the minimum temperature of the model at
0.5 eV. We applied one hot component for the Milky Way and
another one for the host galaxy of the AGN. The total Galactic
NH in our line of sight towards each object (provided in Table 1)
was obtained from Willingale et al. (2013) and kept fixed in our
modelling. The host galaxy NH was allowed to be fitted, and its
best-fit value (or upper limit) for each object is shown in Table
3.
3.3. Photoionisation and X-ray spectral modelling of the
ionised wind in AGN
The photoionisation modelling of the ionised AGN wind was
carried out in SPEX using the pion model (Mehdipour et al.
2016). We used a template SED for the calculation of the pho-
toionisation equilibrium. The ionising SED of the Seyfert-1
AGN in our sample, extending from optical/UV to hard X-rays,
can be reasonably approximated by the SED of the archetypal
Seyfert-1 AGN NGC 5548, which was derived in Mehdipour
et al. (2015) from continuum modelling of simultaneous multi-
wavelength data. The results of the pion calculations were then
inputted into the xabs model in SPEX, which calculates the ab-
sorption spectrum of a slab of photoionised gas, where all ionic
column densities are linked in a physically consistent fashion ac-
cording to the pion run. The parameters of the xabs model are
the ionisation parameter ξ, the hydrogen column density NH, the
covering fraction C f , and the outflow vout and the turbulent σv
velocities. The ionisation parameter ξ (Tarter et al. 1969; Krolik
et al. 1981) is defined as ξ ≡ L / nHr2, where L is the luminosity
of the ionising source over 1–1000 Ryd (13.6 eV to 13.6 keV)
in erg s−1, nH the hydrogen density in cm−3, and r the distance
between the ionised gas and the ionising source (in cm). The
covering fraction C f was fixed to unity in our modelling.
We started with one xabs component and fitted its NH, ξ,
and vout parameters. This resulted in significant improvement to
the spectral fit of all AGN in our sample. For some of the AGN
we found that after fitting the first xabs component, there were
still remaining absorption features at either different ionisation
states or outflow velocities that were not fitted. Therefore, for
those cases we fitted a second xabs component. Two xabs com-
ponents were found to be sufficient to fit all the absorption fea-
tures, and a third component did not improve the fit and hence
was not needed. We kept σv of the xabs components at the de-
fault 100 km s−1 in our modelling in order to limit the number of
unnecessary free parameters and also because fitting σv did not
significantly improve the fits. The best-fit parameters of the xabs
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model for the ionised wind in our AGN sample are reported in
Table 3.
4. Correlation analysis of the modelling results
Here we examine the results of our modelling of the ionised
winds in radio-loud AGN, carried out in Sect. 3. We look for
correlations between the parameters of the wind, jet, disk, and
the torus (see Tables 1, 2, and 3) in order to find out any physical
link between them in radio-loud AGN. For our correlation anal-
ysis we calculated the Spearman’s rank correlation coefficient
(rs) and the associated null hypothesis p-value probability (pnull)
from the two-sided t-test.
Figure 2 shows the total column density NH of the ionised
wind plotted versus the radio-loudness parameter R of the jet in
our AGN sample. Interestingly, it is apparent that NH decreases
as R increases. This inverse correlation is statistically significant
with rs = −0.83 and probability pnull = 0.00007. The data in Fig.
2 are fitted with a power-law function, given by
NH = 8.2 × 1022 R−0.8 (1)
where NH is the total column density of the ionised wind in cm−2,
and the radio-loudness parameter of the jet R = F6 cm/Fopt.
There can be different possible explanations for the discov-
ered NH-R relation, which we will assess and discuss in Sect. 5.
In order to aid us identify the physical reason, we investigate the
relation between the wind NH and other key parameters in Fig. 3.
These parameters are the ionisation parameter ξ of the wind (top
left), intrinsic X-ray luminosity of the AGN (top right), the radio
jet inclination angle relative to our line of sight (middle left), the
ratio of mid-IR to optical flux (middle right), SMBH mass (bot-
tom left), and the Eddington ratio λ (bottom right). The rs cor-
relation coefficient and the null hypothesis probability pnull are
shown in the corner of each panel. The results show no signifi-
cant correlation between NH of the wind and the aforementioned
parameters. In Sect. 5 we discuss the NH-R relation and the im-
plications of the lack of correlation between NH and the other
parameters.
5. Discussion
5.1. Origin of the observed NH-R relation in radio-loud AGN
In Sect. 4 we found that there is a significant inverse correla-
tion between the wind NH and the radio-loudness parameter R
(Fig. 2). This shows that as the radio jet becomes stronger, the
ionised wind becomes weaker. Importantly, we found no signif-
icant correlation between the wind NH and the other key param-
eters shown in Fig. 3.
The fact that NH is not related to the ionisation parameter
ξ and the X-ray luminosity LX, implies that the observed NH-R
relation is not a manifestation of changes in the ionisation state
of the wind. This means the lowering of the detected NH in the
soft X-ray band is not caused by a shift in ξ of the gas to higher
ionisation states. If the NH-R relation was a result of changes in
ξ, then an inverse relation between NH and ξ would be expected,
which is not seen (Fig. 3, top left panel). This is also supported
by the fact that there is no correlation between NH and the ion-
ising X-ray luminosity LX of the AGN (Fig. 3, top right panel).
We also find no correlation between ξ and the outflow velocity
vout of the wind.
Another possibility for the NH-R relation could be the effect
of the viewing angle of the AGN. According to some theoreti-
cal wind models, from high to low inclination angles (i.e. from
edge-on to face-on view), the wind NH is expected to decrease
(e.g. Proga & Kallman 2004). However, the inclination angle i
of the objects in our sample, which are all Seyfert-1 AGN, are
rather limited to a small range (10◦ to 40◦). Moreover, we do not
find a correlation between NH and i (Fig. 3, middle left panel).
Therefore, the inclination angle is unlikely to be the cause of the
observed lowering in the wind NH as R increases.
One of the mechanisms for the launch of ionised winds in
AGN is thermal evaporation from the AGN dusty torus (e.g. Kro-
lik & Kriss 2001). Moreover, such winds from the torus may be
boosted by the IR radiation pressure on dust grains in the wind
(e.g. Dorodnitsyn et al. 2011). In order to find out if there is a re-
lation between the ionised wind and the dusty torus in our AGN
sample, we checked for correlations between the wind parame-
ters and the emission from the dusty torus, which peaks in the
mid-IR energy band. Similar to the radio-loudness parameter R
of the jet, the ‘mid-IR loudness’ parameter of the torus is a mea-
sure of the relative strength of the emission from the torus com-
pared to the emission from the accretion disk, which we define as
the ratio of mid-IR to optical (B) flux density (Fmid-IR/Fopt). We
find no significant correlation between Fmid-IR/Fopt and the wind
parameters, including NH, which is shown in Fig. 3, middle right
panel. Recent mid-IR interferometry observations have shown
that significant fraction of the mid-IR emission in some AGN
originates along the polar directions (e.g. Hönig et al. 2013; Tris-
tram et al. 2014). This is thought to be associated to dusty winds
from the AGN torus. However, the lack of a correlation between
NH and the mid-IR loudness parameter, as well as the no corre-
lation between NH and the inclination angle i, indicate that the
AGN torus is unlikely to play a key role in the observed NH vari-
ation in our sample and hence the observed NH-R relation.
The strong accretion-powered radiation in AGN can drive
outflowing winds, provided the gas is not over-ionised (e.g.
Proga&Kallman 2004; Proga 2007). For such radiatively-driven
winds, the mass outflow rate would be dependent on the mass ac-
cretion rate M˙ and hence the Eddington ratio λ of the AGN (e.g.
Kurosawa & Proga 2009). Interestingly, an inverse relation be-
tween the radio-loudness parameter R and the Eddington ratio λ
has been previously observed in radio-loud AGN (e.g. Ho 2002;
Sikora et al. 2007). This relation shows that the radio power of
the jet decreases with increasing M˙ and λ. However, this rela-
tion is evident over a wide range of λ (spanning several orders of
magnitude), significantly more than the sub-Eddington λ range
of our AGN sample (spanning 1.7 orders of magnitude) as shown
in Table 1 and Fig. 3 (bottom right panel). Moreover, we do not
find a statistically significant correlation between R and λ for
our AGN sample. Similarly, there is no significant correlation
between the wind NH and λ, nor between NH and the black hole
mass MBH, as shown in Fig. 3 (bottom panels). This means λ of
our selected AGN is effectively sampling a bin of the wider R-λ
relation reported in the literature. Therefore, the above suggest
that our observed NH-R relation is not a consequence of large M˙
and λ variations in our AGN sample.
Since the different scenarios discussed earlier cannot provide
a feasible explanation for the observed NH-R relation, we sug-
gest that the most plausible explanation is associated to the only
mechanism that can launch both jets and winds, i.e. the mag-
netic fields. Magnetic pressure generated in the accretion disk
can drive winds (e.g. Ohsuga et al. 2009), while magnetocen-
trifugal acceleration along the field lines can drive jets aided by
the spin of the black hole (e.g. Blandford & Znajek 1977; Bland-
ford & Payne 1982). Thus, depending on the black hole spin and
the magnetic field configuration, the magnetic power maybe dis-
tributed differently over the jet and wind modes of the outflow.
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Table 2. Best-fit parameters of the X-ray continuum components in our radio-loud AGN sample, derived from our modelling of the XMM-Newton
observations.
Object pow Norm. pow Γ mbb Norm. mbb T refl s Obs. ID Obs. t.
(1) (2) (3) (4) (5) (6) (7) (8)
1H 0323+342 2.63 ± 0.02 1.94 ± 0.01 4.6 ± 0.1 0.17 ± 0.01 0.66 ± 0.06 0764670101 81
3C 59 6.56 ± 0.09 1.71 ± 0.01 5.3 ± 0.4 0.14 ± 0.01 0.36 ± 0.05 0205390201 82
3C 120 4.38 ± 0.03 1.91 ± 0.01 0.63 ± 0.02 0.23 ± 0.01 0.50 ± 0.04 0693782401 29
3C 273 113.3 ± 0.2 1.64 ± 0.01 37.2 ± 0.8 0.16 ± 0.01 0.10 ± 0.01 0126700801 74
3C 382 7.10 ± 0.04 1.76 ± 0.01 4.3 ± 0.2 0.14 ± 0.01 0.50 ± 0.05 0790600101 31
3C 390.3 5.90 ± 0.04 1.68 ± 0.01 0.27 ± 0.01 0.29 ± 0.01 0.35 ± 0.03 0203720301 53
4C +31.63 38 ± 1 1.90 ± 0.03 30 ± 4 0.18 ± 0.01 0.83 ± 0.19 0550871001 25
4C +34.47 28 ± 2 1.81 ± 0.04 4.5 ± 0.8 0.24 ± 0.02 0.49 ± 0.25 0102040101 8
4C +74.26 20.0 ± 0.2 1.82 ± 0.01 1.5 ± 0.2 0.25 ± 0.02 0.43 ± 0.04 0200910201 34
ESO 075-G041 0.31 ± 0.01 1.74 ± 0.02 0.02 ± 0.01 0.29 ± 0.01 0.04 ± 0.06 0152670101 57
III Zw 2 3.15 ± 0.08 1.67 ± 0.02 0.25 ± 0.04 0.25 ± 0.02 0.37 ± 0.13 0127110201 16
Mrk 6 0.22 ± 0.01 1.47 ± 0.02 1.7 ± 0.9 0.10 ± 0.01 0.42 ± 0.05 0144230101 59
Mrk 896 0.37 ± 0.01 2.34 ± 0.01 0.6 ± 0.3 0.09 ± 0.01 1.48 ± 0.10 0112600501 11
PKS 0405-12 172 ± 2 1.90 ± 0.01 56 ± 3 0.21 ± 0.01 0.42 ± 0.06 0202210301 82
PKS 0921-213 1.11 ± 0.03 1.73 ± 0.02 0.08 ± 0.01 0.23 ± 0.02 0.43 ± 0.13 0065940501 18
PKS 2135-14 16.2 ± 0.2 1.75 ± 0.01 5.7 ± 2.0 0.15 ± 0.01 0.58 ± 0.10 0092850201 60
Notes. (1) Name of the AGN. (2) Normalisation of the X-ray power-law component in 1052 photons s−1 keV−1 at 1 keV. (3) Photon index of
the X-ray power-law component. (4) Normalisation of the modified blackbody component in 1034 cm1/2, which is defined as the emitting area
times square root of the electron density. (5) Temperature of the modified blackbody component in keV. (6) Scale parameter of the reflection
component. (7) ID of the modelled XMM-Newton observation. (8) Duration of the XMM-Newton observation in ks. The X-ray flux and luminosity
corresponding to the above continuum parameters are provided in Table 1 for each AGN.
Table 3. Best-fit parameters of the ionised AGN wind and the neutral ISM gas in the host galaxy of the radio-loud AGN in our sample, derived
from our modelling of the XMM-Newton observations.
Object Wind NH Wind log ξ Wind vout Neutral NH C-stat / d.o.f.
(1) (2) (3) (4) (5) (6)
1H 0323+342 9 ± 2 , 7.2 ± 0.7 2.17 ± 0.02 , 0.15 ± 0.12 −830 ± 170 , −880 ± 120 < 0.01 2296 / 1488
3C 59 40 ± 2 , 81 ± 8 1.20 ± 0.05 , 2.42 ± 0.03 −3530 ± 130 , −1000 ± 120 < 2 2036 / 1477
3C 120 14 ± 3 2.65 ± 0.04 −2160 ± 360 < 0.02 1949 / 1496
3C 273 0.7 ± 0.2 1.90 ± 0.08 −3670 ± 170 < 0.01 2588 / 1532
3C 382 7 ± 2 2.44 ± 0.06 −1350 ± 370 < 0.02 1805 / 1467
3C 390.3 3.7 ± 0.6 , 11 ± 5 1.63 ± 0.11 , 2.77 ± 0.06 −1550 ± 160 , +50 ± 100 < 0.2 1847 / 1481
4C +31.63 11 ± 3 −0.00 ± 0.20 −960 ± 200. < 0.3 1783 / 1423
4C +34.47 31 ± 11 2.12 ± 0.05 −1500 ± 210 < 0.3 1546 / 1398
4C +74.26 36 ± 3 , 68 ± 8 1.69 ± 0.04 , 2.46 ± 0.04 −1490 ± 90 , −3000 ± 500 < 0.09 1986 / 1511
ESO 075-G041 7 ± 1 −0.03 ± 0.11 −210 ± 180 < 0.05 1832 / 1415
III Zw 2 7 ± 4 2.07 ± 0.13 −1780 ± 670 < 0.2 1763 / 1468
Mrk 6 116 ± 8 1.38 ± 0.06 −4000 ± 500 27 ± 4 2287 / 1449
Mrk 896 73 ± 6 2.23 ± 0.02 −130 ± 150 < 0.2 1679 / 1429
PKS 0405-12 6 ± 2 1.71 ± 0.17 −130 ± 200 < 0.05 1715 / 1465
PKS 0921-213 8 ± 3 1.92 ± 0.12 −3540 ± 360 < 0.2 1700 / 1458
PKS 2135-14 5 ± 3 2.14 ± 0.08 −1240 ± 530 < 0.1 1831 / 1414
Notes. (1) Name of the AGN. (2) Column density NH of the ionised wind components (xabs) in 1020 cm−2. (3) Logarithm of the ionisation
parameter ξ of the ionised wind components (xabs) in erg cm s−1. (4) Velocity of the outflowing ionised wind components (xabs) in km s−1. (5)
Column density NH of neutral ISM gas component (hot) in the host galaxy of the AGN in 1020 cm−2. (6) Best-fit C-stat over degrees of freedom
for the modelled XMM-Newton observation. As the positive and negative uncertainties on the wind parameters from our fits were comparable, we
give their average in the table.
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Fig. 2. Total column density NH of the ionised AGN wind versus the radio-loudness parameter R of the jet. Each data point corresponds to
one radio-loud AGN in our sample. For those AGN with multiple absorption components the sum of the column density NH of the components
is shown. There is a significant inverse correlation between NH and R. The Spearman’s rank correlation coefficient rs and the null hypothesis
probability pnull of the correlation between the parameters are shown inset. The data have been fitted with the power-law function of Eq. (1) shown
in dashed black line. The shaded grey region represents the 1σ uncertainty around the best-fit line.
We discuss the magnetic explanation for the wind-jet NH-R rela-
tion in Sect. 5.2.
5.2. Wind-jet connection by the magnetic fields in radio-loud
AGN
In Sect. 5.1 we deduced that the NH-R relation is most likely the
manifestation of the magnetic-powered outflow mechanism in
radio-loudAGN. Interestingly, in black hole binaries (BHBs) the
wind properties have been observed to change with the spectral
state (Neilsen & Lee 2009; Ponti et al. 2012; Miller et al. 2012).
Observations show that while the wind is present in the high/soft
state, it disappears in the low/hard state. The magnetic outflow
mechanism has been proposed as a feasible explanation for the
inverse relation between the winds and jets in BHBs (Neilsen &
Lee 2009; Ponti et al. 2012; Miller et al. 2012). In this scenario,
the wind and the jet are driven by different configurations of
the same magnetic field. In other words, the same magnetically-
driven outflow is either a wind in the high/soft state, or a jet in
the low/hard state (e.g. Neilsen & Lee 2009).
The wind-jet inverse relation phenomenon in BHBs is anal-
ogous to the one discovered in radio-loud AGN by our investi-
gation. As discussed by Miller et al. (2012), the magnetic field
configuration may change from toroidal to poloidal in transition
from high/soft disk-dominated state to low/hard jet-dominated
state. Thus, the magnetic outflowmechanism can provide the re-
quired explanation for the observed NH-R relation in radio-loud
AGN. This is also further supported by the study of King et al.
(2013), where they report that black hole winds and jets are regu-
lated across the mass scale with a common launchingmechanism
driving both outflows, i.e. magnetohydrodynamics for winds and
magnetocentrifugal forces for jets.
An important consequence of the above scenario is the likely
changing geometry of the accretion disk with increasing jet
activity. Disk truncation has been discussed by Lohfink et al.
(2013) as an explanation for the jet cycle seen in 3C 120. From a
multi-epoch case-study of this AGN in the radio, optical/UV, and
X-rays, Lohfink et al. (2013) find a complete disk at one epoch,
and a truncated/refilling disk at another epoch. The first epoch
is seen as a rising trend in the optical/UV and X-ray emission
from the disk, while the second epoch is associated to a dip in
the disk emission and an increase in the radio jet activity. The be-
haviour of the ionised wind in 3C 120 has not been investigated
in Lohfink et al. (2013).
Finally, in Fig. 4 we illustrate the relation between the wind
and the jet in radio-loud AGN based on the findings of our inves-
tigation. In radio-loud AGN with spinning black holes, stronger
poloidal magnetic field and disk truncation give rise to brighter
radio jets (i.e. higher R), and hence less toroidal magnetic winds
are launched from the accretion disk (i.e. lower NH).
In this study we considered only radio-loud AGN for inves-
tigating the wind-jet connection. However, in radio-quiet AGN,
where winds are prominently present, there is also radio emis-
sion, albeit much fainter than in radio-loud AGN. At the low
threshold limit of radio-loudness parameter (R ≈ 10), we find
that the wind NH reaches about 1022 cm−2 (Fig. 2), which is a
typical NH seen in radio-quiet Seyfert-1 AGN (see e.g. Blustin
et al. 2005). In radio-quiet AGN there is also a wide range of
wind NH (e.g. Laha et al. 2014), which its association to the
jet activity is yet to be established. This is however challeng-
ing because the nature and origin of radio emission in radio-
quiet AGN is rather uncertain. There are different possible ex-
planations given in the literature, such as coronal disk emission,
star formation, emission from outflows including low-power jets,
or perhaps a combination of them (see e.g. Panessa et al. 2019
and references therein). Therefore, while ionised winds are com-
monly seen in radio-quiet AGN, investigating their link to the jet
activity is complex since multiple processes may contribute to
the faint radio emission in radio-quiet AGN.
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Fig. 3. Top left panel: Column density of the ionised AGN wind components versus their ionisation parameter. The red squares correspond to
the first xabs component of the wind, while the blue circles correspond to the second xabs component for those AGN with two ionised wind
components (see Table 3). Top right panel: Total column density of the ionised AGN wind versus the intrinsic X-ray luminosity of the AGN over
0.3–10 keV. Middle left panel: Total column density of the ionised AGNwind versus the inclination angle of the radio jet relative to our line of sight.
Middle right panel: Total column density of the ionised AGN wind versus the ratio of mid-IR to optical flux density (i.e. the ‘mid-IR loudness’
parameter of the dusty torus). Bottom left panel: Total column density of the ionised AGN wind versus the mass of the SMBH. Bottom right panel:
Total column density of the ionised AGN wind versus the Eddington ratio (ratio of bolometric to Eddington luminosity). The Spearman’s rank
correlation coefficient rs and the null hypothesis probability pnull of the correlation between the parameters are shown in the corner of each panel.
The X-ray spectroscopy of ionised winds in radio-loud AGN
is currently feasible for a limited number of X-ray bright sources
as presented in this study (Fig. 1). The upcoming Athena X-ray
observatory (Nandra et al. 2013), with its unprecedented X-ray
sensitivity and energy resolution, enables us to extend the wind-
jet study to a larger population of AGN that are not bright enough
for the current X-ray observatories. It will also help us to si-
multaneously constrain all components of the wind using high-
resolution spectroscopy in the soft and hard X-ray bands. The
increase in the sample size will provide a more general charac-
terisation of the wind-jet-disk connection in radio-loud AGN.
6. Conclusions
In this paper we have parameterised the ionised winds in a sam-
ple of 16 radio-loud AGN by carrying out high-resolution X-ray
spectroscopy and photoionisation modelling. The results of our
study shine new light on the relation between the two modes of
outflow (wind and jet) in AGN. From the findings of our investi-
gation we conclude the following.
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Fig. 4. Illustration of the relation between the two modes of outflow
(wind and jet) in radio-loud AGN, powered by different configurations
of the magnetic outflow mechanism. The decrease in the observed col-
umn density NH of the wind as the radio-loudness parameter R of the jet
increases is displayed.
1. We discover that in radio-loud AGN there is a significant
inverse correlation between the column density NH of the
ionised wind and the radio-loudness parameter R of the jet.
The wind NH, ranging over ∼ 1020–1022 cm−2, is seen to de-
crease as a power-law function with R, ranging over ∼ 10–
103. There is no significant correlation between R and the
other wind parameters, namely the ionisation parameter ξ
and the outflow velocity vout.
2. The results of our study show that the observed NH-R rela-
tion is not caused by inclination or ionisation effects. There
is also no association to the black hole mass and the Edding-
ton luminosity ratio of the AGN. The NH-R relation is also
independent of the AGN dusty torus.
3. The most feasible explanation for the origin of the observed
NH-R relation is the magnetic outflow mechanism in radio-
loud AGN. Depending on the black hole spin and the mag-
netic field configuration (toroidal or poloidal), the magnetic
power drives the wind or the jet mode of the outflow dif-
ferently. Disk truncation is also a likely consequence of this
scenario as the jet becomes stronger and the wind becomes
weaker.
4. The observedwind-jet bimodality in radio-loudAGN is anal-
ogous to that previously found in stellar-mass black holes.
Our results point towards the magnetohydrodynamic mech-
anism for the ejection of ionised winds from the accretion
disk in AGN.
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